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Ab-st  I'iict 


AC  and  DC  resonant  cl\a  r,>i  i  ng  hardware  tests  weia-  e 
ducted  with  a  15Kl\'  DOD  standard  100  IIZ  generator  as  pr 
power.  D('  resonant  charging  caused  vibrations  of  the 
erator  at  the  pulsing  frequency  and  instahilit)’  of  the 
voltage  regulator  due  to  the  very  irregular  generator 
waveform.  The  input  DC  voltage  to  the  pulser  saggeCi  c 
the  performance  to  be  lower  tlian  expected.  An  anal\-si 
this  problem  aiul  the  theory  to  account  for  tliis  sag  is 
sent  ed . 

Problems  with  the  triggering  of  AC  resonant  ciiarg 
not  solved  iit  time  for  this  report.  Tlie  expc' r  1  men  t  a  1 
up  of  AC  resonant  charging  is  presented.  Ati  resonant 
caused  no  negative  ini[)act  on  tlie  generator  wh.ich  is  a 
advantage  over  DC  resonant  charging. 
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1 .  1 nt  rogue  t i o n 

Bac  ki;  rouiKl 

This  project  is  a  study  of  tlto  interlace  between  pt  iv.e 
power  systems  and  pulse  conditioning  systi'ms  |\ir  tiie  use  in 
electrical  power  generation  for  future  directed  enery;.'  sys- 
t  ems  . 

The  Army  and  tlie  Air  i-orcc  arc  sponsoriny  university 
work  for  the  development  of  cominit  e  r  i  r.  ed  theoretical  pre¬ 
dictions.  The  results  of  this  thesis  i nvest i ya t i on  will  he 
used  to  refine  and  validate  computer  jired  ict  ions  which  ma)’ 
tiicn  lie  used  hy  An:i\'  and  Air  force  scientists  as  d.esiyn  aid 
for  the  power  suj'plies  required  in  diiected  enery;.'  systems. 

The  pulser  used  for  tliese  tests  was  consti-uctod  h}' 
Army's  EihADCOM  and  contained  separate  sections  for  Av  aiui 
I'd  resonant  charyiny. 

fach  section  contained  the  resonant  circuit,  support 
equipment,  and  controls, 

I'rob  1  em 

There  are  several  approaches  to  the  interface  'netween 
prime  j^ower  ycneratiny  eejui  lament  and  [nilse  cond  i  t  i  on  i  ii;: 
equipment.  This  is  a  stud>'  of  two  desiyn  apjaroaclies ,  tlic.-^e 
are  DC.  I'esonant  charyiny  ami  A(1  resonant  charyiny. 

deneral  areas  to  be  olaservCkl  are  tlie  impact  on  the 
prime  power  equipment  of  the  charyiny,  scheme  used  and  the 
performance  c*  I  the  charyiny  metliod  with  tins  part  icular 


f'Ou  rc  I.  . 
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iL'  p^.n^er 
'c  t  I'o  -  ii:.i 


Attention  i 
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andi  coin  no  1  I'equ  i  rei.ient  s  . 


e  ■  V  I,  i  i 

cal  : 


S  c  o  p  e 

A  laboratc'ry  set  up  was  asaeiiihled  u-m'./  a  !1 
standard  4id>lld  penenaton  to  1 1  >'  out  c.o.  t  ’: 

:::et!iods.  TJie.-e  set  ups  included  npiwe;  r  i  i :  e 
s\'steni  uas  i,  n  s  t  rument  Cvi  so  actual  j)C  r  IdM's.arac  r  c  .  : 
pared  u  i  t  ti  piu-sent  ttteory. 

A  mathematical  analysis  uas  done  !'or  t  :k-  if 
charyiny  ^;elhod  and  the  resulting  equatioim-  -..e;'. 
two  computei'  proyram.  I'liese  computci  proyrams  pr 
tile  tlieo  re  t  1 L  a  1  solutions  to  uhieh.  ohserveu  iK'i'i'o 
wiis  compared. 

The  Ah  resonaitt  ch.aryiny  theory  is  disciiase.' 
e\pe  [•  iisen  t  a  !  set  up-  descrilueJ.  \o  duita  u;is  colic 
Ai'  resonant  charyiny  since  problems  with  t  bo  tri 
loyic  were  not  solved  in  t  iiae  foi'  this  lu.por";.  '' 


I'!' -.(.M'va  t  i  on.,  on  \h  I'esoniint  charvtiny  iire  included 


II.  1h;  lU'suiKiiit  C'la  rg  i  iig 
T.hcory 

1 nt  roJuc  t  ion 

llic  thoory  o !'  lU'  rcsonnnt  charv'.iny  circuit^  lony 

boon  dex'cIopeJ  aiKl  cii'cuits  of  this  kind  used  for  'iian>'  years. 

The  problem  studied  here  was  tl>e  effect  of  I'd  resonant 
charyiny  on  the  prime  power  ei|ui|)ment  of  a  possilile  power 
supply  for  directed  eneryy  weapons.  The  prime  povscr  source 
was  a  three  phase  system  comi^osed  of  a  ycncr.ator,  a  trans¬ 
former,  and  a  full  wave  bridge  rectifier. 

When  a  generator  has  a  recti  fiedi  load  its  voltage 
waveform  is  deformed  by  the  commutation  of  t  lie  current  on 
tiie  rectifiers.  In  this  case  tlie  load  is  also  var'.ing  as 
a  series  ol'  half  sines  and  to  make  matters  worse  the  dis- 
cliargc  pulsing  is  reflected  iiack  on  the  generator  waveform. 

This  irregular  current  wavefoi'm  causes  additional  b.eat 
losses  in  the  generator  windinjis  and  throughout  tlie  prime 
power  system.  fhe  generator  also  vibrates  at  the  jmlsing 
frcquenc)',  this  is  so  because  tiie  toiuiue  is  p  r  op(^  r  t  i  ona  1 
to  the  load  c u r r e it t  . 

fhe  out[n.it  t'oltage  from  the  jiriiiie  power  system  was 
observed  to  drop  projiort  i  ona  1  to  tlie  load  current,  or  sag, 

during  each  charging  cycle.  A  ma  t  hema  t  i  c  n  1  a  ppro  x  ;  ma  t  i  on  i| 

1 

of  this  e  ha  r  ac  t  o !’ i  s  t  ic  was  done  and  a  complete  analisis  ol' 
its  effect  on  the  jiulser  perlonnanee  was  made. 

li 


This  analysis  is  presented  next,  then  tlieo  ret  i  ca  1  lesnlt 
obtained  from  two  computer  programs  are  presented.  Tin 
computer  prog  rams  were  developed  using  the  eriuations  ot'taiiie.l 
irorn  the  mathematical  analysis. 

Analysis  ot  Voltage  _S a  g  g i n  g 

The  sagging  on  the  output  voltage  during  ohc  ^liaigiim; 
CN'cle  is  determined  by  tlic  generator  and  t  r  an  s  to  ri.it  r  rrac 
tance  and  the  load  current.  ihe  voltage  I'cgulator  does  not 
respond  fast  enough  in  that  time  period  to  laake  any  clianges 
in  the  shape  of  this  sag.  It  is  not  discussed  here  how  to 
determine  the  magnitude  of  this  voltage  sagging  for  a  given 
system.  However,  tlic  effect  of  tliis  sagging  on  the  pulser 
performance  is  studied  in  depth. 

A  IKi  re.sonant  charging  circuit  can  be  represente-  as  in 


Figure  1  below. 


In  l-iyure  1  !.  is  the  cha  i  n;  i  i  :a!  ; .  '  i  na  (,■  ,  i the 

total  network  capacitanee  aiul  R  is  the  r  ei  the  e  iia  r  l;  i  np 
inductor  resistance  and  the  eipiivalent  loil  re-i-^tance. 

The  input  volttiye  V  ( t  )  was  rep  resc-;'.  t  e  I  tor  tiii.^  analy¬ 
sis  as  in  liquation  1. 

v(t)  =  (1  - 


where  is  the  peak  input  voltape,  K  is  a  constant,  and 

i^.it)  is  the  charpiny  current  ;is  .a  finction  of  time. 

A  iicitheniat  ical  analysis  for  the'  eircuit  of  l  ipuTc  1 
witli  an  input  \'Oltaee  as  piven  b>'  Iquation  1  is  inclmleii  in 
Appendix  A.  this  ana!_\'sis  resulted  in  i  Ik'  following  ctpiations 
for  the  charpinc  current  ;ind  the  capacitor  voltape  respec¬ 
tive  1  . 
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where , 


\  initial  capacitor  volt  a  p  e 


initial  iniluctor  current 
R+K  1; 


b  ^ . 


bb 
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‘TA!  - 


circuit  reseinance  t' requeue  y 


The  pulser  resoiKince  I'opelitioii  freij^ieiicy  is  two  times 
the  circuit  resonance  l'rei|ucncy  i;iven  above.  Irom  nou'  on, 
every  time  resonance  frequency  is  mentioned  it  is  referriny 
to  the  pulser  frequency. 

liquations  (A-S)  and  and  otiier  equations  deri'/ed 

in  Appendix  A  were  used  to  develop  two  interactive  fortran 
programs  to  calculate  the  theoietical  results. 

Computer  Programs 

Two  computer  progi-ams  were  developed  as  an  aid  in  jiro- 
ducing  tlieoretical  results.  These  were  also  used  to  test 
the  effects  of  changes  in  the  system  pai'ameters.  Appeitdix 
li  contains  a  cop\-  of  each  program  and  a  brief  description 
of  how  tlicy  work. 

Tlie  first  program  calculated  tlie  pc.ak  voltage  in  ti'.e 
capacitor,  peak  charging  current,  resonance  frequency,  and 
average  power  tor  i  nc  reas  i  ng  va  1  ucs  ot'  input  voltage  sag. 
this  was  calculated  for  a  given  vircuit  and  voltage  level. 
This  data  was  used  as  input  to  a  plotting  routine  and  plots 
of  the  mentioned  parameters  versus  the  sag  on  the  ininit 
voltage  wei'e  obtained.  .■\ii  example  of  these  jilots  is  shown 
in  I'igurc  Z. 

Tor  example,  tlie  sag  constant  on  the  horizontal  axis  of 
figure  1  is  d .  2  for  ZO^  sagging  on  the  input  velt.ige,  0 .  1 S 
for  4S':,  ,  and  so  on. 

I’hcse  [ilots  were  useful  to  indicate  the  difference  in 
performance  for  different  magnitudes  of  voltage  sagging. 
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Figure  2  Plot  of  Average  Input  Power  \s.  Sag  Constant 


The  second  computer  program  used  Faiuations  (A-S)  and 
(A-6)  to  generate  a  set  of  values  for  charging  current  and 
capacitor  voltage  versus  time.  The  same  plotting  routine 
was  then  used  to  obtain  the  theoretical  plots;  Tliese  plots 
were  used  to  compare  to  actual  waveforms.  Figure  3  on  next 
page  show's  a  plot  obtained  with  this  second  program.  Hie 
waveform  shown  in  for  the  ideal  case  where  tlie  input  voltage 
is  a  constant  DC  voltage. 


Figure  5  !’lot  of  (\Tp;iCtior  \oltu;’o  vs.  for  'i  Sag 

Kffect  of  Voltage  Saggin g 

For  a  constant  input  voltage  tiie  puisei-  v.ouhi  [K-r!o;-;:i 
as  predicted  by  tllasoe  and  l.obacqc  (Ref  !,  Chap  b  )  .  ihi- 
case  is  shown  in  Figure  3  above.  l\'))cn  the  input  voitagi.' 
sags  it  IS  intuitive  to  sa>  that  the  capacitor  wiil  chai'gt 
to  a  lower  voltage  and  that  it  will  take  a  longer  tine  to 
do  so  compared  to  the  ideal  case.  In  fact  that  is  uiiai 
liappens  in  real  i  tv  and  the  mathematical  analysis  rellicts 
just  that . 

Figure  1  through  "  show  liow  the  maximum  voltage  in  t'u 
capacitor,  the  resonance  rreiiuency,  average  j-iower,  vind  peak 
charging  current  will  decrease  as  the  magnitude  oi  the  -ay, 
increases.  Ihese  jilots  are  for  a  circuit  with  I,'  J.b  ;1, 

Od  .  i)Hi,  f ,  R=  1  '  .  a:  ,1  I  =  1  hk\  ,  and  V  -  -d.l  \'  (  f  ). 

from  l  igures  I  tiirougli  ^  for  the  ideal  case  and  IS',  '-ar,  aii 


summarised  in  Table  1  on  page  13. 


Fable  1  lixample  of  Pulser  Performance  for 
Sag  Constant  of  0.0  and  0.4S 
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13.  5  KV 

30.0  KW 

(1.9  ;\ 

i'roni  this  example  and  the  theoretical  graphs  it  can  he 
seen  that  tlie  biggest  impact  oi  the  voltage  sag  is  on  tlie 
average  power  of  the  system. 

The  energ)'  stored  in  the  capacitor  network  per  cycle  is 
given  by  liquation  1. 


h  |V,(T,.)-  -  VVI 


liquation  3  below  gives  the  energy  input  irom  tlie  jicwer 
supply  per  cycle. 

b  =  V  1  T  (3) 

I  av  av  I 

Where  \.  and  1,  ,  are  the  average  input  voltage  and 

tl  V  vl  \ 

current  respec  t  i  ve  1  >’  and  1  is  the  repetition  jiciioi-l. 

Ihe  average  of  tlie  input  voltage  given  by  Iquation  1  i: 

V  =  1.  .  (  1  -  K  1  1  ('ll 

av  bb  al¬ 

and  the  average  input  current  is  (Ret  1;  3(i3]. 


r,v  =  '■  'h'C  -  'o' 


.here  f^,  is  the  repetition  Ireipiency  or  t  -  -y 


rhe  officicnc}’  of  Dt.'  chaining  is  given  fv  the  i  t  i  o  li 
the  energy  storeh  in  the  netv.ork  in  one  e  v  _•  1  o  te  t  lie  injiit 
energy  from  the  power  ;'up[)ly  during  that  eyele. 

Dividing  lajiiation  d  liquation  a,  siih- 1  i  t  ut  i  i;.;  tii'. 

expression  o  i'  I  gi\'en  1  I'quation  5,  and  s  i  :'i|)  1  i  i';.' i iwe 
get  the  following  expression  for  t  I'lO  e  f  f  i  c  i  eiic  . 


a\ 

li'iing,  equatioi,.'  I  througii  u  the  efi'icienc\'  fc't  the 
i^leal  ease  of  laiUe  1  is  ',’8.  o’,  and  foi'  t  lie  other  case  it  is 
SS.l  .  liierel'ore  the  efficiency  is  reduced,  wliicl'  is  anotliei' 
unde  '  1  ra  i' I  ,■  el'fect  o  i'  tile  voltage  sag. 
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Kxpe  r  Liiicii  t  a  1  la[u_ipmcnt  and  1  ii  s  t  ruiuciit  a  l  ion 

Figure  13  holuw  is  a  block  diagram  of  the  t'xpe  r  i  men  t  a  I 
sys  t  ein . 


DC  PCWcf? 
SUPPLY 


I 


Figure  13  Block  Diagram  of  PC  Resonant  Ch.ai'ging  '^\ste"; 

i'he  prime  mov'cr  was  a  I5ii  hor sepowcT'  Cenr'fal  IHectric 
DC  dynamometer.  i'he  g.encratoi-  uas  a  PC'!'  staiulari  IxKU, 

40(1HZ  generator.  A  PC  power  .supply  was  used  for  the  genet 
ator  exciter  instetul  of  a  voltage  regulator.  ihc  t  ran  s  fo  ri'n,  t 
had  a  voltage  step-up  ratio  of  11:1.  i'he  liquid  cooled,  fu  1  1 - 
wave  bridge  rectifier  assembly  had  a  nominal  current  capac.tv 
of  3  amperes  per  leg  and  a  peak  reverse  voltage  ol  (i4K\.  ihc 
charging  inductor,  capacitor  network,  tulie  switches,  .ind  tlie 
load  were  connected  in  the  circuit  shown  in  Figure  11. 
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l  L;;urc  14  DC,  Resonant  (,'ireiiit 

I'.aeh  of  the  six  stages  shown  hah  a  0.  13;,  f  capaeitor 
and  an  11  ohm  load  resistor.  Ihe  charging  indue  toi'  was  d.Ss 
Kenrys.  fne  tube  switclies  were  hb  ii  C.  hydioren  th>raTrons 
model  IIY-IA  with  a  [leak  forward  voltage  of  fOK\'  and  a  pe.ik 
current  of  d.-SK.A. 

I'he  schematic  diagram  ot  I'igure  13  sliows  the  tost  cir¬ 
cuit  with  the  test  points  marked  a  thru  e. 

The  O.OOTSiif  capacitor  was  connected  at  the  output  of 
the  full -wave  bridge  rectifier  to  protect  the  diodes  from 
d  a  m  a  g  e  b  >•  a  \’  o  1 1  a  g  e  s  i  k  e  . 

Two  high  voltage  contactors  were  used  in  tiie  operation 
of  the  pulser.  The  line  contactor  K2  controlled  the  pulsing, 
by  o[iening  or  closing  the  I'd  bus  into  the  I'uiser.  The 


J 
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contacttif  Kl  cltiscJ  aitL'f  KJ  i.'Pl’iil-J  that  air.'  i  cim  i  ii  i  n 
voltai^e  on  tlie  netwot'k  was  d  i  sc  lia  r  s  1  thin  :i  ■  K  rr-  i  t  ^  ■  i  . 

.\ote  th.it  a  diculc  was  C'.inncc  t  cd  i.ctw.-en  t  In.-  chaicia,', 
inductor  and  the  capacitor  nct\\0''k.  !  h  i is  t  r,  |  I'cv'rnt  .1 
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.\  schematic  dia;;ram  of  tlie  inilser  h  1  i  i  t  i'.)  1  :■ 

shown  in  fic.ure  I-. 

.\  small  inductance  o  i'  a  pp  ro  \  i  :11a  t  «.■  I  >  ,1  '.  h  , e  1  1  l' -  i.  i  t  !. 

the  tliN'ratrons  was  used  to  set  tlie  xoltas.i.'  in  t  Ik'  c  .'i  pa  >,■  i  t  o  r  > 

to  an  initial  negative  value. 

.''le  t  a  1  o.xide  varistors  ( '^IdV' |  w(.'iw  used  1  ■'  r up  ress  ,in\ 

h  i  pli  -  vo  1  t  a  pe  ,  h  i  ph  -  1’ I'eqiienc  V  transient",  to  vital  comproen  t  s 

o  I’  the  system. 

The  tripperini;  circuit  lor  the  tubes  consi>ts  ol  a 
(Tinct  ion  penerator  whose  vuitput  is  connected  t  the  thviatron 
driver.  The  rrequency  ok  pulsinc  is  set  hv  the  tiinction 
pene  r;i  t  o  r .  The  output  of  the  driver  is  connected  threurh  a 


m.'itchinr,  t  r  a  n  s  to  laiie  r  to  a  lln 


resistor  and  an  '.|0\'  1.  omits  ted 


in  parallel.  One  output  terminal  of  the  t  lui  n  s  forme  i-  secoii^lai)’ 

IS  grounded  to  the  chassis  and  from  the  otlu'r  teianinal  a  ut.)a\ial 
cable  connects  to  a  3(Ul.:  resisti.r  on  the  r.rul  of  eacii  tuiu  . 

Ihis  arran)4ment  proved  to  he  suscejit  i  !>  1  e  to  noise  aii.i  1 1.  ci 
to  false  tri;tperin;’  oi'  the  tin'ratrons. 

1  he  heater  circuit  tor  the  hot  -  ca  t  hoile  t  li  >' ra  t  ron  ^  is 
cumposc'd  of  a  transformei  and  filament  choke  a^>  --ii. in  t  iie 
sc  hema  tic. 

\  hi;',  current  transformer  v.as  iisedi  to  rKinitoi'  the  load, 
current  ani.1  a  d.l  resistor  on  the  lou  tolt.ipe  return  u  M  in 
an  vimmeter  uas  provided  for  aver;"c,e  charpin;;  current  in.  a  1  i  n. .  . 

Botli  the  load  return  and  the  c’lassis  where  hrour.iit  to 
aether  to  one  point  and  grounded  to  tiie  Inn  Id  in;.;  ground. 

^lod  i  f  i  cat  i  oii_s_  'hide_t  o _ tdH’_!’u  1  <_e  r 

1. 1  ec  t  ro  -  Ilia  one  t  i  c  coupling,  or  transients  ..n  n..!uc  t  e.; 
tiiru  the  elctrical  connections,  were  causinc  t  .'k-  tune'  *o 
pre  fire  wlien  the  line  eontaetor  KJ  w,i>  v  io-e.i.  \  In.;':, 
voltape,  Inch  fn.'ijuenc>  voltape  upikt.-  wa  -  oi'-'ei.n.!  in  t  !u 
C’nJ  n  f  tile  f  a  1  se  -  t  r  i  ;j  pe  re.!  tube. 

lu  prevent  t  h.  i  some  ■^in.nal  lin.i,'-;  were  re  inn,:  .i.-.i. 
fra;;'  inch  volt.ii'e  lines  an.!  luiilieate  prouirl  wen.  li  .  ; 

lun  t  ed  t"  eliminate  any  I'O'^.vihle  c,  round  'n'op  .  n.  ;  i.  !u.  i,: 

tile  I'rohle"  iuit  did  not  eliiiiin.ite  it.  I  mill'.  i  tfA  ■.  v.  <  n 

n  ’  n  nee  t  e  d  ,  o  li '  •  to  ea  e  h  t  uhe  I  I'om  r  i  d  to  .  i  '  "  1  e  ,  e  ■ t 
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tlie  comi>onenls  aiul  t  hi.'  p>'i.'|u'i’  ri.'at  i\\.\  aiKl  sh  i  c- 1  li  i  np  ol 
electrical  i  y  n  a  1  lines  in  t  Ii  i  s  t  y ;  ■  •'  o  .•  t  e  :n  . 

Oji^c  ra  t  j  on  of  !’u  1  s  e  r 

With  the  yenerati'f  I'aiviins'  al  rate^l  s|ieeil  aiu!  tiie  li 

contactor  .Kf  open,  e.'.ciiatioa  i-.a  -  ap’plio.l  to.  hriny  tine  KC 

roltaye  to  the  ik's  ;  re.i  1  e\ e  i  .  ll.en  *  :ie  "palee"  ,,n-,iia'Kl 
yiven.  1  he  huiii]!  eonta^tc'r  f  !  jpei'.i.' ,!  ,  t  :;e  lira  .(Mitactni' 

KJ  closed,  and  the  piils^-j-  opi.  r  1 1 .  ■  a  .  \t  tie-  ceoiand  "-'top 
Kd  opened  and  then  K1  cles  t  i  di  chir-'e  ;'n,,  'e:!'.  r  .\v  Ict't 

in  tlie  network.  I’ulsinc,  fre-.iui,c\  v.as  at!  i  'e.i  with  t  :,e 

t'mic  t  i  on  y  pner  a  t  o  i' . 

he neral  Apjiroac ij 

file  [Uilser  wa-  opeiated  t  e  ■ !  1  oi.  ’  ieia  .  t:,-.-  :  Mi! 

read  ill;..-, s  and  pliot  o>'.  I'a  p’i  s  of  e.  i  !  .  -..-op. 

When  a  d  i  sa  r  rei.  ni'ent  I'etwei-n  tie  i  ;  i^.il  .'■."e,’  .t  on 

ineasiu'ed  pcrlormance  wa  t'l  n.',  tisate'i:  into  t ';e 

cause  was  ri.t  vl  e  .  In  i  .iC  ii  .-  i  •  e  e  i  :  i  e  >  ' ,  ,i  :  . ;  .  ;  -  -  , .  i  !  a  .  i  ^  !  i  e  n 

were  corrected  oi-  addition-  "i  .■  ::'..t,o':  t  >  t  :.i.  :  '  •  :. 

were  made. 

rhe  l  1  r  .  t  part  "  |  t  !i  ;  •  p  ;  ■  ■  en  ;  ■  r  :  •  i  ■  i  ,  ^  ! 

1  'P  r  I.'  s  on  a  n  '  i  li  a  r  r  i  i, ;  .  :  :  -  u.  ;  '  - .  <  .  ■  ■  t  i  •  ■"  '.. .  i  ,  . 

ferns  1  !  .  1  1  k u, .  i  :  \  nil.  ,  ;  t  ' e  . '  -,  ■  i  t  .i  -  i . 

I  I  -  ’  n  :  ;  ' .  I 
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The  sccoikI  part  o  1  the  report  present  s  t  tie  t  lu- 
AC  resonant  cliart;  ini; .  The  experimental  set  up  i'  .! 
and  observations  of  the  operation  of  tlii.',  sy-te;:i  :ir 
eussed.  No  data  was  colleeted  on  th.e  .\C  resonant  - 
since  protileins  witli  the  trigperinn  circuit  ucil  net 
in  time  for  this  report. 
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!  i.i;urc  IS  and  I'd  are  p’nolut;raphs  ot  tlie  r.enctatoi' 
^'olta;ee  and  current,  aiivl  t  lu-  t  )'an  s  U' r;ae  r  secondarv  \i!ltav;c 
and  current  (see  I'igurc  IS). 
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Vibrtition  and  lletiting 

rite  generator  vibrated  at  the  pulsing  frequinct. 
rhe  tortiue  pulsations  were  caused  b'-  r  :ie  load  lurrent 
pulsing.  Also  because  oi  the  irregular  generates  veltase 
and  current  wsiverorms  tlie  geneiatoi'  lieated  t'astei'  iiice 

tills  caused  inci’esised  losses  on  t  :ie  u  i  nd  i  n  e,  s  . 

Voltage  Rcgulatoi' 

I'igure  i!  n  sliows  scope  traces  e|  tlie  input  v  ita  a 
(top  tr.ace)  .and  tlie  cai'.acito!  net-,,..';,  \  e  l  t  a  te  •;  t  i  a^  e 

Tlie  osc  i  1  1  a  t  i  ens  e;.  p.e^  i  s  i  a  ‘  \  t  he 

voltage  regulitor.  \s  ;>  ■.  n  .a  la  .  :  '  t  .a.  '  _  ;  1  1  a  t  i  e;i 

damp  to  a  sma  1  1  e  r  ra  r  n  i  ‘  .  i  '"it  '  ;  ■  a  ’  ;  .  ^  .  »  i,  j. 


>! 

I 


I 


I'igure  20  Scope  I'racos  for  rlie  I'ulser 

(  !c.''t  ioints  (  anc  resj'ect  i  \  e !  y  on  l-iyui'c  IS) 

opc  j  a  t  i  on  o  1  the  pu  1  > e  )■ .  1  !u’  r  e a  o li  t  ('?  r  this  I'l a  1  i' u n c  t  i  o n 

was  not  investigated  and  a  I'C  power  supiviy  was  connected  in 
place  oi  the  voltage  regulator  lor  the  expei' iincnts . 

Sag  on  Output  Voltage 

ligurc  21  is  a  scope  trace  lor  the  output  xoltage 
Itop  trace!  aiul  the  invertei.1  chai'ging  current  (bottni;;* 
trace).  The  output  voltage  sag  follows  the  shape  of  the 
c  u  r  r  c  n  t  v  e  i-  >•  c  1  o  s  e  1  >■ . 

The  frequency  of  the  ripple  on  the  oulinit  voltage  is 
2  1()(11L.  Because  oi  the  big  charging  iiuluctance  the  v'oltat’e 
will  be  equivalent  to  a  Pe  voltage  uith  a  sinusoidal  sag 
lol  lowing  tile  current  ua  vt"ihaiu' . 
tor  the  then  ret  ical  ana 1\ sis. 


1 h i s  criteria  was  used 


tow  jUil-'CS  and  tliL'ii  hot  li  \olta;,'os  rtiiain  it  i 
lo'.ol.  This  is  lHa'aii-.e  the  itenesato-  h.a  ■  ..  n 
aad  uhen  the  i;enerator  is  loaded  tiie  aveiajo- 
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took  plaee,  the  pulser  uas  tested  at  I'RAfK'i''-: 
woi'ked  piopei'ly.  I  iu’  prine  I'ov.e!-  fei'  IKth'S 
I'cctit'ied  liiyii  voitaite  |)ouei'  line  u  i  l  li  a  iia.'ik 
to  pi'ovide  a  still'  IU'  voltage. 

Ivosonanoi.’  'i'tequeiie\'  was  i;i..'a>ti  fed  at  II  ’ 
vi>lta;j.c  in  t(ie  ca[)acitofs  was  I'of  a  l>(  i 

0 1'  kK\'.  This  cttii  !ic  taken  as  t.e  contrtil  te- 
input  was  for  all  ;:iatters  an  inl'inito  I'd  hii  . 

\  e  t  w  o  1- _\T;.)  1  t_a  ii_d  (.ha  fa  i  n  e  i  h  i  r  I'j^nJ^ 

I  iaufe  -a  shows  the  I'd  I'us  veltape,  I'f  i 
ti'.e  eharaine  current  tor  Zt'KlV  r.enerator  out  ,;'u 
■cisiial  ins|H’Ctioii  ol  the  sctipi.-  traces  c' 1  Ti.pi 
I'ollowina  values  were  olittiined  toi'  t  h  i  ■  case; 
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this  system.  The  comiuiter  calculated  value  o|  \  .  '  I  '■•u-. 
14.8KV.  figure  2b  shows  the  UC  bus  voltage  and  cajiacit^ji 
\oltage  for  this  case.  The  actual  value  of  tlie  capacitim 
voltage  was  IS.OKV  which  is  very  close  to  tlie  calculated 
value  the  theoretical  peak  charging  current  was  ~.2  \‘'i' 
and  the  average  power  was  35.0KW. 

Re sonaiice  l're((ucncy 

file  resonance  frequcnc)’  diti  not  change  irith  )".i  . 

A  universal  bridge  was  used  to  measure  each  of  the  ■  i  ■.  .1, 
citoi'S  and  the  total  capacitance  was  1.3H  f .  flu  :  a.uic  t  anc 
was  measured  by  a[)plying  a  his’h  voltage  at  in;)  HZ  .url 
measuring  voltage  and  current  to  ontain  impevlance.  ilu' 
iitduct:ince  obtained  by  this  method  was  2 .  s  .d  h(.nr\'s  a;;d  tie 
resistance  of  the  inductor  was  b .  .a  ohms.  Ihesc  \  a  hies  !(>r 
the  circuit  components  yield  a  resonance  fre<|uenc}  uf  i!  .  : 
it:  foi-  no  sag.  This  is  very  close  to  117  1)2  measin'ed  a! 
i  R  \  I II  ■("■!. 

1  ifile  2  lielow  summarices  the  actual  and  calcu!  ’fed 
\al  two  cases,  third  case  is  for  no  sag  o !'  t  lu  im;  a! 

\  lit  I  I  and  is  included  for  contrast. 

;  ii  t  '  1  lu.' t  i  c  a  1  values  were  obtainei!  witli  the  first  e.i'ipite 

piu'i  1:,.  \nother  case  is  iiresonted  in  Appendix 
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.same  usetl  for  IK.'  resonant  ehai'ging.  three  t  I'an  s  f  t;  rra' i  s 
uith  a  VO  1  tape  step-uj)  ratio  of  18.5:1  were  connectc.l  i  p. 
'i  -  V  con  i' I  pu  iM  t  i  on  .  Ihese  three  high  leakage  t  inin  s  i’o  inin.  r 
provided  the  total  charging  inductance.  The  .\C  rL-sonant 
clKiiging  cii'cuit  is  shown  in  figure  28. 
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berorc  eiiteriiiv;  the  lo^ic  t  r  i  ,ui;e  r  i  ii;',  l)o\.  Inside  the  loi-ie 
box  a  :.ero  Cfossini;  vletoctoc  eireuit  and  a  timine,  eiicuit 
lor  eaeh  I'hase  s^enerated  tiie  t  i’ i  ,r.r,c.' r  i  nr  s  i  iMia  1  s  .  Ihe  delav 
o  I'  the  tririj^er  pu  1  st  was  set  ii)  a'djustinr,  th.e  tiiiieis. 

Uhen  the  ma  r  n  i  t  ml  i*  ot  tlie  iiipat  \'olta!’,i.'  \\ent  a!o\i'  that 
shown  in  1  itnire  dn  t  lie  t  r  i  r.-^e  r  i  n;'.  c  i  tw  n  i  i  i;e  ik- ra  t  eil  :;:ii!t  i['le 
trirtper  s  i  i^na  1  s  ]H'r  lia  1  f  e>'(.'le  v!  i  se  ha  i  i  nr.  t  iie  i^apaeito:  - 
be  to  re  the\'  reached  Miaxii'iuia  volta.',e.  This  ua  i  i;;,!  1  t'liiic  t  ion 
caused  li\'  tlie  electronic  lo,eic  circuit,  this  problcri  was  not 
solved  in  time  for  this  study. 

Since  the  loyic  box  wo>-ked  only  tor  ver\'  low  '.oil  are, 
and  fheretorc  low  poucr,  no  data  wa.s  collected  on  tiie  .'^>''-lem 
per  I'ormance .  (leneral  observations  of  this  si'steiii  arc  pre¬ 
sented  in  the  nc.xt  chapter. 


1  \'  Lcmciusjoiis  and  Kccommeiida  t  i  on  s 


l>d  resonant  chart', intt  is  lictter  knoun  by  ]ieoiile  in  the 
field  of  pulse  power  and  is  used  more  cominonl\'  than  At' 
resonant  charyiipy.  i’he  problems  presented  !iy  Dtl  resonant 
charyino  on  this  study  were  vibration  of  tlie  yenerator  at 
the  pulse  lenetition  rate,  irreyular  volta'',e  and  current 
waveforms  in  the  ,ycnerator,  aiul  lowt'r  pe  r  I'o  n;ia  nc  e  of  t  lu.' 

IH'  resonant  circuit  due  to  input  voltaye  say.  t'n  the  other 
hand,  a  Dti  resonant  charyinr,  scstea:  i  ..  ratlier  sii'tple  to 
construct  anti  simrile  to  tri>;,yi.r  and  ct'utiu'l. 

An  At'  resonant  c'nar'ciny.  system  lia.-  more  hardware  than  an 
equivalent  [lower  IH'  I'C'-onant  :'\'steii  and  palsin".  I'rc'pic'nc  is 
limited  b\-  the  yenerator  freiuienc}'.  Also  control  •  and 
triyyerin.e  are  far  laoie  complicated. 
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the  yenerator  and  t  li  i  s  ;aakes  it  Ver;.’  attractive. 
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APPliNDlX  A 


Mathematical  Analysis  of  DC  Resonant  Charging 

The  differential  equation  for  the  circuit  of  liqure  1 
i  s 

L  ^  +  R  ^  ^  =  V(t)  (A-1) 

dt“-  dt  ^ 

u'liere  q  is  the  instantaneous  charge  on  the  network. 

The  input  voltage  to  the  network  V(tJ  was  repre¬ 
sented  as  in  liquation  (1)  repeated  iiere  for  convenience. 

V(t)  =  (1  -  K  i^,  (t))  (1) 

where  i.s  the  charging  current  as  a  function  of  time,  K 

is  a  cou'tant  and  is  the  peak  input  voltage. 

Figure  A-1  shows  the  plot  of  liquation  (1)  for  two 


charging  cycles. 
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where 

\' ^  -  Initial  eaiiaeitor  voltai^e 

I  -  Initial  iiuluctor  current 
o 

•»  ■> 

w  -  U  ■  b“  -  resonance  freciuencv 
o 


liiluations  ( A  ii  )  aiul  lA(')  are  tiie  expression^  for  t  i.  e  charpinp 
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expression  for  tlie  voltage  in  the  capacitor  at  the  time  o! 
disc  h  a  r  g  e . 
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(’oiiiput e r  [’rog i~aiiis 

l  igui'c  B-1  shows  the  I'irst  oh  tlie  two  computer  jirograins 
^leveloiicil  to  olitain  theoretical  solutions.  '1  h  i  s  j^rogra;:; 
calculated  the  resonance  frequenc)',  peak  capacitor  \c^ltag'.', 
peak  ciiarging  current,  average  Luri'ent,  a'.'erage  vulta/t,  and 
average  power  lor  increasing  values  of  input  voltage  sag. 

The  program  required  as  input  tire  value  of  the  ciicuit 
components,  the  peak  input  voltage  and  p  f  =  - 1  V  .  :  d  ^  . 

The  output  was  the  data  ilisplayed  in  l-igure  i  thi'",;g:i 
in  Chapter  II. 

I'igure  i'.-2  shows  the  second  fortran  program.  Th.  is 
program  calculated  the  ratio  of  charging  current  to  a\'eragc 
charging  current  and  capacitor  voltage  to  peak  input  voltage 
versus  t  ime . 

The  program  recpiired  as  input  the  value  of  the  cij'cuit 
components,  peak  in[nit  voltage,  T  (  = -V^^/V^ '/l'^. )  )  ,  constant 
and  repetition  frequency. 

The  constant  K  was  found  h}'  running  the  other  iirogra." 


first  to 

obtain  t  h  e 

SC  t 

of  plots 

lor  var 

gving  sag  con- 

vtant 

K  .  fho  value  of 
s 

]i  c  a  k 

eur lent 

for  t  li  e 

sag  constant 

o  f 

interest 

w  a  s  read  f 

rout 

the  prope 

I'  curve 

and  K  uas  cal 

[  c  u  I  a  t 

1  f  the  1 

inc  where 

i  s 

de  f i ned 

for  the 

second  t ime  1 

ill  t  h  i' 

0 


program  (see  arrow)  is  clians’Cvl  tiv  \'  =  ■  I’f,  ,  \  t  iu  pror.ram 
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can  iu'  run  foi-  rejiition  irequencies  liighei'  than  resonance. 


igure  B-2b  F'ortran  Program  for  Charging  C.urrcnt  ami 
Capacitor  Voltage  'Vaveforms  (Sheet  2  of 


This  ptoi^raiii  I'uiis  tor  more  than  one  ivele  hy  stoiiny, 
the  final  value  of  the  current  as  tlie  initial  value  for 
the  next  c\’cle  an^l  resetting  the  voltaye  in  the  capacitoi' 
to  a  ne;yative  value  proportional  to  the  voitaye  at  the 
t  i me  of  disc  ha  rye . 

Ihe  output  of  this  proyram  was  the-  data  displa\'ed  in 
fiyurc  8  throuyh  12  in  tdiapter  11. 


B  -  (.  1 


t 


I 

I 

^1 

i 

,1 


AiM’I.Xni  X  (. 
Ad^i  i  t  i  li'ia  i  I  a 


I-  i  gure 
current  for 


(Ol)  siiows  tlic  IH!  bus  voltar.c  rniu 
15KW  output  power  of  the  ijeiierato: 


t  be 


L'  i  1  a 


figure  (i-l  Scope  trace  of  l>i'  i’ns  'foltage  ili'!'!  and 
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case.  1  he  actual  value  ot  t  Ir-  ■pi-af  tapak  it'  ;  V'it.i.R-  \\a. 
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